BACKGROUND: Tailored craniotomies for awake procedures limit cortical exposure. Recently we demonstrated that the identification of eloquent areas increased the risk of postoperative deficits. However, it was not clear whether the observed neurological deficits were caused by proximity of functional cortex to the tumor [cortical injury] or subcortical injury. OBJECTIVE: We hypothesize that subcortical injury during tumor resection is an important predictor of postoperative neurological deficits compared to cortical injury. METHODS: A retrospective review of 214 patients undergoing awake craniotomy was carried out in whom preoperative functional magnetic resonance imaging (fMRI) and cortical mapping (CM) were performed. A radiologist blinded to the clinical data reviewed and graded the postoperative changes on diffusion-weighted MR-imaging (DWI). RESULTS: Of the 40 cases who developed new intraoperative neurological deficit, 36 (90%) occurred during subcortical dissection, 3 (7.5%) during both subcortical and cortical dissection, and 1 (2.5%) during cortical dissection. Neurological dysfunction acquired during subcortical dissection was an independent predictor of postoperative deficits both in the immediate postoperative period (P , .001) and at the 3-month follow-up (P , .001). Significant DWI restriction in the subcortical white matter was predictive of neurological deficits both immediately and at 3 months, P = .011 and P , .001, respectively. New or worsening deficits were seen in 38% of patients; however, at 3 months 13% had a mild persistent neurological deficit. CONCLUSION: Subcortical injury with significant DWI changes result in postoperative neurological decline despite our efforts to preserve cortical areas of function. This underscores the importance of preserving subcortical fiber tracts during awake craniotomy procedures. www.neurosurgery-online.com A wake craniotomy procedures allow the surgeon to stimulate and monitor both cortical and subcortical tissues dynamically and in real time. We recently demonstrated that negative cortical mapping of eloquent areas during awake craniotomy provides a safe margin for surgical resection with a lower incidence of postoperative neurological deficits. Identification of eloquent areas not only failed to eliminate, but rather increased, the risk of postoperative deficits, likely because of the close proximity of functional cortex to the tumor. 1 However, it was not clear whether the observed neurological deficits were caused by cortical or subcortical injury.
A wake craniotomy procedures allow the surgeon to stimulate and monitor both cortical and subcortical tissues dynamically and in real time. We recently demonstrated that negative cortical mapping of eloquent areas during awake craniotomy provides a safe margin for surgical resection with a lower incidence of postoperative neurological deficits. Identification of eloquent areas not only failed to eliminate, but rather increased, the risk of postoperative deficits, likely because of the close proximity of functional cortex to the tumor. 1 However, it was not clear whether the observed neurological deficits were caused by cortical or subcortical injury.
Although a significant number of publications have reported the use of diffusion tensor imaging (DTI) to identify subcortical white matter tracts, subcortical stimulation for functional mapping is labor intensive and is not routinely done. The utility and safety of subcortical stimulation with the traditional bipolar probe is well described, particularly in the resection of low-grade gliomas. [2] [3] [4] More recently, a number of authors have used monopolar probes effectively to identify subcortical areas of function with very good temporal and spatial resolution. 5, 6 Functional magnetic resonance imaging (MRI) scans as well as direct cortical stimulation (DCS) mapping are useful adjuncts to identify the eloquent cortex; however, functional MRI (fMRI) has imperfect sensitivity and specificity in identifying cortical areas of speech. 7 Most neurosurgeons hence use DCS as a gold standard for speech mapping in attempts to preserve eloquent cortex.
In this present study we hypothesize that subcortical injury during tumor resection is an important independent predictor of postoperative neurological deficits, and we also correlate these deficits with DWI (diffusion-weighted imaging) following surgery.
PATIENTS AND METHODS

Patient Selection
Between January 1, 2005 and December 31, 2010, a total of 214 consecutive awake craniotomies for the removal of intra-axial gliomas near and/or within eloquent cortex were performed at the University of Texas MD Anderson Cancer Center (MDACC). Patients were selected on the basis of their tumors having a close anatomic relationship to eloquent regions of the brain as indicated by the preoperative magnetic resonance imaging scan (MRI). These regions included receptive and expressive speech areas in the dominant hemisphere and motor or sensory cortex in either hemisphere. Clinical information was obtained from the Clinical and Imaging Database of the Department of Neurosurgery and from the MDACC Tumor Registry. This study was approved and reviewed by our Institutional Review Board.
Before each awake craniotomy procedure, patients underwent a complete neurological examination performed by the attending physician. Language function was also assessed in a detailed examination that included object naming, recalling, counting, fluency, comprehension, reading, and writing. In our series, the sleep-awake-sleep anesthetic technique was adopted as described by Huncke 8 et al and is discussed in our more recent manuscript. 1 
Cortical Stimulation
Immediately before tumor resection, the patient was awakened with removal of the laryngeal mask and was able to communicate directly with the neuroanesthesiologist and with the surgeon via a microphone. The patient was then asked to perform verbal and visual tasks to facilitate identification of speech areas during stimulation. Any speech hesitation, dysnomia, paraphasic errors, and speech arrest were observed and noted. The Ojemann stimulator (Radionics, Inc, Burlington, MA) was used, with 5-mm spacing between the electrodes with a constant current generator that produces a train of square wave, biphasic pulses of 1-millisecond phase duration at 60 Hz. For localization of primary language and motor cortex, the stimulus was applied in increments of 1 mA, starting at 0.5 mA; the rolandic cortex was also identified by somatosensory evoked potentials by demonstrating phase reversal and latency shift. The duration of stimulus on the brain surface was 2 seconds. A cortical area was considered eloquent if a motor response or twitch was generated or if language errors were made consistently on at least 2 separate trials. No cortical site was stimulated twice in succession. Multiple sites in close proximity were chosen on the cortex exposed by the craniotomy. Usually, the maximum stimulus needed to localize the language center was 4 to 6 mA, whereas up to 10 mA were needed to localize the motor cortex.
Tumor Resection
In patients in whom language sites were identified, the resection margin was taken to within 1 to 2 cm of cortical areas important for speech function. In patients in whom the primary motor and sensory cortex was mapped, the resection margin was taken closer to the cortical margins (up to 0.5 cm). The resection was halted in a particular location if speech function deteriorated but resumed if full recovery occurred within 5 minutes. During cortical stimulation, simultaneous recording using electrocorticography for after discharges was not performed because of the limited size of the tailored craniotomy openings in these patients.
Image Analysis
A radiologist (blinded to the clinical data) reviewed and graded the changes on diffusion-weighted imaging (DWI) and MRI T1-weighted sequence. An abnormality on diffusion-weighted imaging was categorized for clinical severity as follows: grade I, no or insignificant change; grade II, discernible volume loss/malacia at site corresponding to immediate postoperative thick or nodular restricted diffusion and not involving major structures (defined as eloquent cortex, deep gray nuclei, corticospinal tract, arcuate fasciculus, optic radiations); grade III, discernable volume loss/malacia corresponding to immediate post-operative DWI change and involving major structures defined as previously ( Table 1) . The DWI changes were documented immediately and assessed in concert with immediate and 3 month postoperative MRI T1-weighted sequence ( Figure 1) .
For all patients, the location of the resection cavity was recorded, with special attention to the overlying gyri or the specific area of the lobe that was involved. Proximity to the expected location of the corticospinal tract, arcuate fasciculus, precentral gyrus, supramarginal or angular gyrus or pars triangularis was recorded (referred to as "major structures"). The noncontrast T1 sequence was generally most helpful for this determination. Next, the appearance of the DWI sequence with reference to the apparent diffusion coefficient map was assessed. The absence of restricted diffusion was recorded. If the sequence demonstrated no restricted diffusion, thin linear restricted diffusion around the margin of the resection cavity, or restricted diffusion due to the presence of intracavitary blood products, the appearance was classified as grade 1 restricted diffusion. Any immediate DWI signal abnormality was further categorized as cortical and/or subcortical.
If thick or nodular restricted diffusion was seen at the margin of the resection cavity, the immediate post-operative DWI was compared to the follow-up MRI T1-weighted sequence. If the immediate postoperative signal abnormality became included in the resection cavity on follow-up imaging, and the resection cavity was not underlying eloquent cortex or expected to disrupt the deep gray nuclei, corticospinal tract, arcuate fasciculus or optic radiations, the appearance was also classified as grade 1. If marginal restricted diffusion evolved to encephalamalacia adjoining the resection cavity on follow-up imaging, the location of the abnormality with respect to eloquent cortex, deep gray nuclei, corticospinal tract, arcuate fasciculus and optic radiations, was considered. If these structures were not expected to be affected, the appearance was classified as grade 2. If these structures appeared to be involved, a grade 3 classification was given.
Statistical Analysis x 2 , univariate and multivariate logistic regression analyses were performed using SPSS software to evaluate clinical and intraoperative parameters that could be predictive of postoperative neurological deficits. A P value of #.05 was considered significant.
RESULTS
Patient Characteristics
The 214 patients included 110 males (51%) and 104 females (49%) ranging in age from 18 to 74 years (median age 44 years). Newly diagnosed gliomas were treated in 141 procedures (66%), recurrent tumors in 73 (34%). One third of the patients (69 patients, 32%) had preoperative motor or language deficits, while the other 145 patients (68%) had no preoperative focal neurological deficits. The 214 cases included: 73 (34%) frontal tumors, 59 (28%) temporal tumors, 49 (23%) fronto-temporal tumors, 5 (2%) parietal tumors, 12 (6%) fronto-parietal tumors, and 16 (7%) temporo-parietal tumors. On final histopathological diagnosis, 87 tumors (41%) were glioblastoma multiforme or gliosarcoma, 75 tumors (35%) were anaplastic gliomas, and 52 tumors (24%) were low-grade gliomas. Extent of resection was determined volumetrically by post-operative T1-weighted, contrast-enhanced MRI scan and T2-weighted MRI scan for non-enhancing tumors. 142 cases (66%) underwent gross total resection ($95%), 18 cases (8%) underwent subtotal resection (85%-,95%), and 54 cases (25%) underwent partial resection (,85%).
Correlation of Cortical Mapping and Postoperative Deficits
Localization of the speech center alone was attempted in 120 cases (56%) and of the motor area alone in 42 cases (20%); localization of both the speech and motor areas was attempted in 52 cases (24%). Therefore, the localization of expressive and/or receptive speech areas was attempted in 172 procedures, and localization of motor area was attempted in 94 procedures. Localization of Broca's area was attempted in 109 of 214 cases (51%), and of Wernicke's area in 69 of 214 cases (32%).
The expressive and/or receptive speech areas were localized (positive mapping) in 91 of 172 procedures (53%) but could not be localized (negative mapping) in 81 procedures (47%). Expressive speech area was localized in 64 of 109 procedures (59%) but could not be localized (negative mapping) in 45 of 109 procedures (41%). Receptive speech area was localized in 32 of 69 procedures (46%) but could not be localized in 37 of 69 procedures (54%). The motor area was localized in 82 of 94 procedures (87%) by direct stimulation and in 86 of 94 procedures (92%) by direct stimulation and/or by using the cortical surface grid with phase reversals. Overall, eloquent areas were identified in 145 of 214 cases (68%) but not in 69 cases (32%).
Of the 145 patients in whom eloquent cortex was identified by direct cortical stimulation (positive mapping), 63 (43%) experienced worsened neurological deficits in the immediate postoperative period, and 21 (14%) continued to have worsened deficits at the 3-month follow-up. However, of the 69 patients in whom eloquent cortex was not localized (negative mapping), 18 (26%) experienced worsened neurological deficits in the immediate postoperative period, and 7 (10%) experienced persistent postoperative neurological deficits at 3-month follow-up. Thus, positive cortical mapping was a statistically significant predictor of worsened neurological deficits in the immediate postoperative period (P = .016) but not at the 3-month follow-up (P = .52) ( Table 2 ).
Correlation of Intraoperative and Postoperative Neurological Deficit
Intraoperative neurological deficit is defined as a speech and/or motor deficit that occurs during surgery and does not resolve by the end of surgery. Intraoperative neurological deficits significantly influenced the postoperative neurological outcome. Unresolved neurological deficit during tumor resection was observed in 40 of 214 procedures (19%). 35 of 40 cases (88%) of intraoperative neurological changes manifested as worsened postoperative deficits in the immediate postoperative period, and 13 (33%) persisted at the 3-month follow-up.
Of these 40 cases of intraoperative neurological change, 36 cases (90%) occurred exclusively during subcortical dissection, 3 cases (7.5%) occurred during both subcortical and cortical dissection (deficit developed at 2 separate times), and 1 case (2.5%) occurred exclusively during cortical dissection. Hence, the majority of these intraoperative deficits were acquired during subcortical dissection. Neurological dysfunction acquired during subcortical dissection was associated with worsened neurological status both in the immediate postoperative period (P , .001) and at the 3-month follow-up (P , .001).
Of the 174 patients in whom no neurological dysfunction occurred during surgery, 46 (26%) showed worsening of their neurological status in the immediate postoperative period, which persisted in 15 (9%) at the 3-month follow-up. Therefore, intraoperative neurological changes were associated with worsening neurological status both in the immediate postoperative period (P , .001) and at the 3-month follow-up (P , .001) ( Table 2) .
Of the 141 patients who underwent treatment for a newly diagnosed glioma, 59 (42%) developed postoperative neurological deficit, 20 (14%) persisting at 3 months. Of the 73 patients with a recurrent tumor, 22 (30%) experienced postoperative neurological deficit, with only 9 (12%) persisting at 3 months after surgery. Newly diagnosed glioma vs recurrent tumor added to the results previously mentioned did not predict worsened neurological outcome immediately (P = .10) nor at 3 months after surgery (P = .83).
DWI Changes
In all but 3 patients diffusion-weighted imaging was available in the immediate post-operative period. Patients underwent DWI on the day of surgery or post-operative day #1; POD #4 was the latest time that a patient underwent DWI. A 3 month post-operative MRI TI-weighted scan was reviewed, and when unavailable the one-month postoperative scan was obtained and reviewed (in 5 cases). Of the 19 cases (9%) with grade III changes on DWI, 13 (68%) experienced worsened neurological deficits in the immediate postoperative period, and 9 (47%) had persistent deficits at the 3-month follow-up. In contrast, of the 192 patients (91%) with grade I or grade II changes on DWI, 66 cases (34%) experienced worsened neurological deficits in the immediate postoperative period, but only 19 patients (10%) had persistent neurological deficits at the 3-month follow-up. Therefore, grade III DWI change, when compared with grade I or grade II DWI changes, was a significant predictor of postoperative neurological deficit, both immediately (P = .006) and at the 3-month followup (P = .004). Thus, grade I or grade II deficits appear to predict early functional recovery from new deficits (Figure 2) , and grade III lesions predict incomplete recovery at 3 months.
Among the 81 cases that experienced immediate postoperative neurological deficits, 70 (86%) experienced subcortical DWI changes adjacent to eloquent areas near the resection cavity, whereas only 9 (11%) experienced cortical DWI changes. 54 cases (67%) had mild (grade I) DWI changes, 12 (15%) had grade II changes, and 13 (16%) had grade III changes. Thus, the majority of DWI changes in patients that experienced immediate postoperative neurological deficits were grade I or grade II.
Of the 12 cases with subcortical grade III DWI changes, the majority (9) (75%) sustained immediate new or worsened postoperative deficits. In contrast, of the 202 patients with subcortical grade I or II DWI changes, only 72 (36%) experienced worsened postoperative deficits. Furthermore, 7 patients (58%) with subcortical grade III changes had persistent deficits at 3 months after surgery, compared with only 22 patients (11%) without subcortical grade III changes. Therefore, clinically severe restricted diffusion in the subcortical areas predicted worsened postoperative deficits immediately (P = .011) and at 3 months after surgery (P , .001).
Of the 29 cases with cortical DWI changes immediately after surgery, 7 (24%) had no or insignificant changes on DWI, 15 (52%) had grade II changes on DWI, and 7 (24%) had grade III changes. Among the patients with grade III cortical DWI changes, 4 (57%) experienced worsened neurological deficits immediately after surgery, and 2 (29%) patients had persistent neurological deficit at 3 month follow-up. Among the patients with grade I or grade II cortical DWI changes, 5 (23%) experienced worsened neurological deficits immediately after surgery, but only 2 (9%) experienced worsened neurological deficits 3 months later. Thus, cortical grade III DWI changes (unlike grade I or grade II DWI changes) were not a significant predictor of postoperative neurological deficit, neither immediately after surgery (P = .16) nor 3 months later (P = .24). Therefore, delayed cortical ischemia or contusion was unlikely to explain any observed intraoperative neurological dysfunction during subcortical dissection.
Functional Recovery at 3 Months
Of the 81 (38%) patients who had a worsened or new postoperative deficit, the majority (52 patients, 64%) recovered to their pre-operative status by 3 months, and 29 patients (36%) had persistent deficit. Of the 13 patients with immediate postoperative deficits and significant DWI changes, 9 (69%) had incomplete recovery at 3 months (Table 2 ). In contrast, of the 66 patients with immediate postoperative deficits and mild DWI changes, only 19 (29%) had persistent deficits at 3 months. Of these 19 cases, 11 patients (58%) had progressive improvement of their hemiparesis or aphasia near baseline function, 1 patient had an extended postoperative intensive care unit stay for generalized seizures and acute respiratory distress syndrome, 3 had mild expressive dysphasia and dysnomia, and 4 had mild hemiparesis. Therefore, grade III DWI changes, most of which were located in the white matter tracts, predicted a poor neurological recovery at 3 months, and mild DWI changes predicted functional return to baseline at 3 months (P = .009).
While intraoperative deficits were strongly associated with immediate postoperative deficits, 67% of intraoperative deficits resolved within 3 months. Of the 6 (15%) cases with intraoperative deficit and grade III changes, 5 (83%) persisted through the 3 month follow-up. In contrast, of the 34 (85%) cases of intraoperative deficit and grade I or grade II changes, only 9 (27%) persisted. Therefore, most patients who sustained neurological dysfunction during subcortical dissection had grade I or grade II DWI changes, but those with grade III changes were more likely to sustain lasting deficits. It would appear that the majority of neurological disturbances during dissection are transient, perhaps due to edema or retraction injury, and that intraoperative deficits do not necessarily cause permanent disability.
Predictors of Neurological Outcome
Preoperative neurological deficit, intraoperative neurological deficit during subcortical dissection, and significant DWI restriction in the subcortical white matter were independent predictors of neurological deficits. New or worsening deficits were seen in 38% of patients. However, at 3 months, only 13% had a persistent deficit-and these deficits were minimal. Compared with significant DWI changes, mild DWI changes appear to predict early functional recovery from new deficits following resection of intrinsic gliomas. Positive cortical mapping was predictive of postoperative neurological deficits immediately after surgery but not at the 3 month follow-up.
DISCUSSION The Importance of Subcortical Injury
Little is known about the impact of injury in the subcortical tissues as it relates to postoperative outcomes in awake craniotomy procedures. This information is of special relevance for the surgical resection of gliomas, as these are highly invasive tumors that infiltrate the white matter tracts. 3, 9 Stroke studies have demonstrated that damage to language tracts can result in severe and permanent aphasias, 10 hence preservation of cortical structures does not preclude injury to subcortical tracts during surgery. To minimize neurological deficits secondary to subcortical tract injury, several groups have reported the use of white matter stimulation intraoperatively along with DTI navigation to define critical tracts. [2] [3] [4] Few studies, however, have documented the neurological recovery of intraoperative deficits acquired during subcortical dissection. [11] [12] [13] To the best of our knowledge, this is the first clinical study that examines predictors of neurological deficits and prognostic factors for incomplete neurological recovery at 3 months. This is the only study that analyzes cortical vs subcortical DWI changes as a prognostic factor for incomplete neurological recovery.
Of the variables studied as prognostic markers for neurological recovery at 3 months postoperatively, 3 achieved significance in the multivariate analysis: preoperative deficit (P = .015), intraoperative deficit during subcortical dissection (P , .001), and subcortical grade III DWI changes (P = .004) ( Table 3) . Patients with preoperative deficits were over 3 times more likely to have persistently new or worsened neurological function compared to patients without preoperative deficits. Patients with intraoperative deficits during subcortical dissection were over 6 times more likely to have persistently worsened neurological function at 3-month follow-up. Grade III DWI changes predicted persistent deficit that did not resolve at 3 months, or a slower functional 
DWI Changes and Postoperative Brain Tissue Damage
DWI maps the diffusion of protons in the brain parenchyma. Restricted diffusion may be caused by cytoxic edema as seen in acute infarction, dense cellularity as may be seen in some tumors, increased viscosity as in abscess, and in hematomas, to name a few of the more common etiologies.
14 Postoperative restricted diffusion may be seen in a vascular territory, or at the margins of the surgical cavity or in a cavitary hematoma. Marginal restricted diffusion seen in the immediate postoperative period will later correspond to enhancement and finally become encephalomalacic or gliotic. 15 This is the first clinical study to examine postoperative DWI changes as a predictor of incomplete neurological recovery at the 3 month period in a large cohort of patients. Khan et al prospectively studied 82 brain tumor patients undergoing tumor resection and showed 15 (19%) patients had positive postoperative DWI, 9 of whom had a new or increased postoperative deficit. This study concludes that a new DWI lesion after craniotomy predicts incomplete recovery of a new postoperative deficit at 7 days and at 1 month after surgery, which is consistent with our results. Our DWI scale provides specificity for postoperative deficits attributed to DWI changes. The inclusion of a "grade II" category, defined as DWI changes in areas not expected to cause neurological deficits, thereby limits our "grade III" category to relevant DWI changes in areas corresponding to eloquent areas.
A large literature on MRI biomarkers for acute stroke exists, encompassing variables such as the volume of the lesion, DWI reversibility, perfusion imaging parameters and others. However, imaging biomarkers of lasting postoperative injury have not been widely explored in the neurosurgical literature. Volume of DWI lesion may be helpful for quantitative description, but unless the infarct is extremely large, location of the lesion will likely be relatively more important clinically. Thus, our grading system relied largely on location of the lesion relative to functional areas. Both Khan and Smith discarded thin linear restricted diffusion at the margin of the resection cavity as clinically irrelevant (described as grade 1 in this paper). We found DWI lesions that did not appear to correspond to major structures (Table 1) and assessed these as grade 2 in order to further elucidate whether these could have neurologic deficits. The difference between grade 2 and grade 3 lesion outcomes begins to validate the use of location relative to eloquent area to predict severity of deficit.
Persistent Neurological Outcome Risk Prediction
In our multivariate logistic regression analysis, we have identified 3 parameters that predict risk of postoperative neurological deficit at 3 months. Table 4 tabulates the predicted risks of neurological deficits based on any combination of these 3 parameters. In this model, for example, in the majority of our patients, in the absence of all 3 risk factors, the predicted risk of worsened neurological deficits at the 3 month period is only 5%. On the contrary, the predicted risk increases to 90% in the presence of an existing preoperative deficit, subcortical dissection deficit, and subcortical grade III DWI changes.
Negative Cortical Mapping
Direct cortical stimulation is used to establish a real-time functional map of the brain surface, which surgeons rely on to make decisions about cortical entry and about the extent of safe cortical removal for tumor. 3, [16] [17] [18] [19] [20] [21] [22] Many authors have suggested that functional brain regions must be identified and preserved before surgical resection of the tumor. 16, 17, 23, 24 Although the identification of eloquent cortex by "positive mapping" allows the surgeon to plan a resection with greater confidence, this may also indicate greater risk because of close proximity to the lesion. Conversely, a "tailored" craniotomy in which eloquent cortex is not intentionally exposed, or in which "negative mapping" occurs, may indicate a significantly decreased risk of neurological dysfunction because it implies that no functional cortical area is located near the resection site. 1 However, in the present study we have shown that though patients had negative cortical mapping, the subcortical white matter tracts adjacent to the tumor margins are still vulnerable to a dissection injury. Identification and preservation of subcortical tracts can be done with detailed DTI maps as well as subcortical electrophysiological stimulation.
Tumor Location in Relation to Eloquent Cortex
In our study, tumor location did not predict postoperative deficit. We suspect this was a function of each location category (frontal, temporal, and/or parietal) containing eloquent cortex or white matter tracts. While we did not distinguish between patients with near-eloquent tumors vs tumors within eloquent cortex, it is likely patients with tumors in eloquent cortex would have greater neurological complications, as observed previously at our institution. 21 It may be surprising that patients with frontotemporal tumors did not have a greater likelihood of speech or motor deficits compared with patients with tumors in the parietal lobe. However, speech function may be more variably distributed along the cortex, beyond the classic anatomical boundaries of Broca's area in the frontal lobe, or Wenicke's area in the temporal lobe. For example, 25 created language maps based on thousands of cortical stimulations, and identified a greater number of reading sites in the inferior parietal lobule, 1 to 2 cm behind the somatosensory cortex, compared with the temporal lobe. This underscores the importance of direct cortical stimulation for pinpointing which areas of the brain are necessary or sufficient for eliciting a specific neurological function. 26 Nevertheless, most patients in our study had tumors of the frontal and/or temporal lobe, with only 5 having exclusive involvement of the parietal lobe.
Neurological and Medical Comorbidities
A limitation of our study is that we did not specifically examine the impact of non-neurological medical co-morbidities on postoperative outcome. It is likely that medical co-morbidities, including baseline metabolic and pulmonary function, influenced surgical outcomes. Outcomes analysis of patients with supratentorial gliomas 27 and brain metastasis, 28 demonstrated that greater medical comorbidity predicted higher mortality and worse discharge disposition 27 While we did not examine the influence of general medical co-morbidities, we did demonstrate in our study that patients with preoperative neurological deficits had a greater likelihood of worsening postoperative function. Of note, when we adjusted for the effect of preoperative neurological deficit in our multivariate model, subcortical injury remained a significant predictor of worsening deficits.
Both DTI and functional MRI imaging can be useful adjuncts in the preoperative evaluation of tumors in eloquent cortex. Because of the poor specificity of fMRI in determining language function sites, direct cortical stimulation is clearly the gold standard for identifying areas of eloquence when resecting tumors. Understanding the relationship of subcortical tracts to the tumors preoperatively and intraoperatively (with subcortical stimulation) can influence the role of surgery. We have shown the utility of subcortical stimulation both in amplitude of motor evoked potentials (#5 mA) and in the distances of tumor margins from eloquent white matter connections (#5 mm) to be important factors influencing the extent of resection and possible avoidance of neurological deficits.
CONCLUSION
Subcortical injury is the primary cause of neurological deficits following awake craniotomy procedures. Our ability to identify and preserve cortical areas of function can still result in significant neurological decline postoperatively as a result of subcortical injury. Preserving subcortical areas during tumor resections may reduce the severity of both immediate and late neurological sequelae. In our study, most postoperative grade III DWI changes occurred in eloquent subcortical areas, a finding that underscores the importance of both subcortical injury as an independent predictor of persistent postoperative deficits, and of subcortical mapping as a technique for complication avoidance.
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